Recently studies have aimed at developing transcutaneous spinal direct current stimulation (tsDCS) as a non-invasive technique to modulate spinal function in humans. Independent studies evaluating its after-effects on nociceptive or non-nociceptive somatosensory responses have reported comparable effects suggesting that tsDCS impairs axonal conduction of both the spinothalamic and the medial lemniscus tracts. The present study aimed to better understand how tsDCS affects, in humans, the spinal transmission of nociceptive and non-nociceptive somatosensory inputs. We compared the after-effects of anodal low-thoracic, anodal cervical and sham tsDCS on the perception and brain responses elicited by laser stimuli selectively activating Aδ-thermonociceptors of the spinothalamic system and vibrotactile stimuli selectively activating low threshold Aβ-mechanoreceptors of the lemniscal system, delivered to the hands and feet. Lowthoracic tsDCS selectively and significantly affected the LEP-N2 wave elicited by nociceptive stimulation of the lower limbs, without affecting the LEP-N2 wave elicited by nociceptive stimulation of the upper limbs, and without affecting the SEP-N2 wave elicited by vibrotactile stimulation of either limb. This selective and segmental effect indicates that the neuromodulatory after-effects of tsDCS cannot be explained by anodal blockade of axonal conduction and, instead, are most probably due to a segmental effect on the synaptic efficacy of the local processing and/or transmission of nociceptive inputs in the dorsal horn.
Introduction
In the last years, studies have aimed at developing transcutaneous spinal direct current stimulation (tsDCS) as a non-invasive technique to modulate spinal cord function in humans. Most of these studies have focused on the after-effects of tsDCS on motor-related functions (Cogiamanian et al., 2011; Lim & Shin, 2011; Lamy et al., 2012; Hubli et al., 2013; Bocci et al., 2014; Knikou et al., 2015; Perrotta et al., 2016; Donges et al., 2017; Winkler et al., 2010; Powell et al., 2016) . In contrast, although invasive electrical stimulation of the spinal cord (SCS) using epidural electrodes is extensively used as a mean to reduce pain in patients with chronic neuropathic radicular pain (Nizard et al., 2012; Deer et al., 2014) , very few experiments have been conducted to assess the possible effects of tsDCS on the spinal transmission and processing of nociceptive inputs. SCS and tsDCS are characterized by very different stimulation parameters such as the use of pulsed versus constant currents, site of stimulation, electrode-target distance, electrode surface size, and intensity of stimulation (de Andrade et al., 2010; Cogiamanian et al., 2012; Deer et al., 2014) . Therefore, it is likely that their effects on spinal cord function are very different. Yet, tsDCS might represent a noninvasive and inexpensive alternative to spinal cord stimulation to modulate spinal cord function. Truini et al. (2011) found that anodal tsDCS applied to the spinal cord at low-thoracic level (anode located over T11, cathode located over the right shoulder) reduces the magnitude of the N2 wave of nociceptive event-related brain potentials elicited by laser stimulation of the foot dorsum. No reduction was observed for the responses elicited by nociceptive stimulation of the face. The finding that tsDCS may modulate the transmission of nociceptive inputs conveyed by the spinothalamic pathway is also supported by the results of Meyer-Friessem et al. (2015) showing that low-thoracic anodal tsDCS reduced the percept elicited by nociceptive mechanical pinprick stimuli delivered to the thigh. Alongside these reports suggesting an effect of tsDCS on the spinal transmission of nociceptive inputs, one study suggested that anodal tsDCS may also modulate the responses to non-nociceptive somatosensory stimuli conveyed by the dorsal column -medial lemniscus pathway (Cogiamanian et al., 2008) . Specifically, they reported that low-thoracic anodal tsDCS reduces the magnitude of the cervico-medullary P30 wave elicited by bilateral transcutaneous electrical stimulation of the posterior tibial nerves, without affecting the later cortical P39 wave. They also reported that somatosensory-evoked potentials elicited by stimulation of the median nerve were not affected by low-thoracic anodal tsDCS. Finally, studies have shown an effect of anodal low-thoracic tsDCS on nociceptive (Cogiamanian et al., 2011; Perrotta et al., 2016) and non-nociceptive (Winkler et al., 2010; Lim & Shin, 2011; Lamy et al., 2012; Donges et al., 2017) spinal reflexes. Because the first synaptic relay of non-nociceptive somatosensory inputs conveyed by the dorsal column -medial lemniscus pathway is at the level of the medulla oblonogata, the finding that low-thoracic anodal tsDCS may reduce both supraspinal responses to lower-limb nociceptive inputs conveyed by the spinothalamic tract (Truini et al., 2011; Meyer-Friessem et al., 2015) and supraspinal responses to lower-limb non-nociceptive inputs conveyed by the dorsal columns (Cogiamanian et al., 2008) has led researchers to conclude that the neuromodulatory effects of tsDCS result from a blocking of axonal conduction of action potentials, rather than an inhibitory effect on synaptic efficacy (Cogiamanian et al., 2008; Truini et al., 2011) . Such an axonal conduction blockade would be analogous to the "anodal blockade" that can be induced by electrical stimulation of a peripheral nerve (Bhadra & Kilgore, 2004) and would affect indifferently the axons forming both the ascending spino-thalamic tracts and the dorsal column pathways.
Another mechanism, most often put forward to explain the cortical effects of transcranial direct current stimulation (tDCS), is an effect on synaptic transmission (Stagg & Nitsche, 2011) . Hyperpolarization or depolarization of post-synaptic neurons induced by a prolonged Lenoir et al. Page 2 Neuroscience. Author manuscript; available in PMC 2019 February 06.
Europe PMC Funders Author Manuscripts exposure to negative or positive currents can be expected to reduce or increase synaptic efficacy, respectively. Furthermore, sustained after-effects of tDCS could be explained by the induction of mechanisms related to long-term potentiation and depression (Nitsche & Paulus, 2011) . It should be stressed that the neuromodulatory after-effects of anodal tsDCS appear to be opposite to the neuromodulatory after-effects of anodal tDCS. While tsDCS appears to exert inhibitory after-effects (Cogiamanian et al., 2012) , anodal tDCS usually leads to excitatory after-effects (Stagg & Nitsche, 2011) . This could be explained by a differential effect of tsDCS on different populations of inhibitory or excitatory spinal interneurons and by the fact that cell bodies and axons are differently affected by the tsDCS depending on the orientation of the targeted neurons (Ahmed, 2014 (Ahmed, , 2016 ). An inhibitory effect of tsDCS on synaptic transmission would predict an effect of low-thoracic tsDCS on the responses to nociceptive stimuli applied to the lower limb, because the first synaptic relay of these inputs is located in the dorsal horn, i.e. close to the stimulation electrode. This mechanism of action would also predict that low-thoracic tsDCS does not alter the responses to nociceptive stimuli applied to the upper limb or face. However, a synaptic mechanism of action cannot explain an effect of low-thoracic tsDCS on the early-latency brain responses to non-nociceptive somatosensory stimuli as reported in Cogiamanian et al. (2008) , because the afferents responsible for these responses ascend directly via the dorsal column to the medulla oblongata.
The aim of the present study was to better understand how tsDCS may affect, in humans, the spinal transmission of nociceptive and non-nociceptive somatosensory inputs projecting to the brain. For this purpose, we compared in 15 healthy participants the after-effects of anodal low-thoracic tsDCS, anodal cervical tsDCS and sham tsDCS on the perception and brain responses elicited by somatosensory stimuli specifically activating heat-sensitive nociceptors of the spinothalamic system (laser heat stimuli) and low-threshold mechanoreceptors of the lemniscal system (vibrotactile stimuli), delivered to the hands and feet.
Depending on the mechanism responsible for the after-effects of tsDCS, we made the following predictions ( Fig. 3.1) . If the effects of tsDCS are due to an anodal blockade of axonal conduction, low-thoracic tsDCS could be expected to have an inhibitory effect on the responses to both non-nociceptive and nociceptive somatosensory stimuli delivered to the foot, and no effect on the responses to stimuli delivered to the hand. Furthermore, cervical tsDCS could be expected to interfere with the axonal conduction of inputs originating from both the lower limb and the upper limb, resulting in a reduction of the responses to both foot and hand stimulation. In contrast, if the after-effects of tsDCS are due to a change in synaptic efficacy, one would expect low-thoracic tsDCS to only affect the responses elicited by nociceptive stimulation of the foot, and cervical tsDCS to only affect the responses elicited by nociceptive stimulation of the hand dorsum.
armchair. The ethical committee (Comité Ethique Mont-Godinne Université catholique de Louvain (UCL) Namur, B03920109981) approved the experimental procedures, which were performed in accordance to the Declaration of Helsinki. All the participants were informed about the experimental procedures and gave a written informed consent before participation.
Procedure
In a blinded fashion, participants received anodal low-thoracic tsDCS, anodal cervical tsDCS or sham tsDCS on three different days separated by at least one week. Immediately before and after tsDCS, event-related brain potentials (ERPs) were recorded while nociceptive and non-nociceptive somatosensory stimuli were delivered to the four limb extremities. Each EEG recording lasted less than 30 minutes, and the recording that followed tsDCS started within 5 minutes after the end of tsDCS (Fig.3.1 ).
The sensory stimuli were delivered in four blocks, one block per limb. Each block consisted of a sequence of five laser stimuli or five vibrotactile stimuli followed by five vibrotactile stimuli or laser stimuli, repeated three times. Fifteen nociceptive stimuli and fifteen nonnociceptive stimuli were thus delivered to each limb, before and after tsDCS. The modality that was presented first was counterbalanced across participants. Furthermore, the two first blocks of stimulation were delivered to the upper limbs in 8 participants and to the lower limbs in the other 7 participants. After each stimulus, participants were asked to report verbally the intensity of perception using a numerical rating scale (NRS) ranging from 0 (no perception) to 100 (maximal conceivable pain) with 50 representing the limit between nonpainful and painful sensations.
Somatosensory stimulation
The selective activation of Aδ-and C-fiber thermonociceptors was achieved by the use of a temperature-controlled CO 2 laser (Laser Stimulation Device (LSD), SIFEC, Ferrières, Belgium) generating transient pulses of radiant heat delivered to the left and right hands and feet dorsum. The same intensity of stimulation (target temperature: 60°C; 10 ms heating ramp; pulse duration: 100 ms; beam diameter: 6 mm) was used for all participants, conditions and sessions. This intensity of stimulation was above the heat activation threshold of quickly-adapting Aδ-and C-fiber thermo-nociceptors (Treede et al., 1995; Treede et al., 1998; Namer et al., 2009; Wooten et al., 2014) and was used for all participants, conditions and sessions.
The selective activation of low threshold Aβ-mechano-receptors was achieved by the use of a 20 mm round-tipped piezo-electric actuator (VTS, Arsalis, UCL, Louvain-la-Neuve, Belgium) generating short lasting mechanical vibrations delivered on the left and right third fingertips and hallux. The same intensity of stimulation (frequency: 300 Hz; displacement 95 μm; duration: 50 ms), above the activation threshold of low-threshold mechano-receptors (Bensmaia, 2008) , was used for all participants, conditions and sessions.
Low-thoracic and cervical tsDCS EEG data acquisition
Real and sham tsDCS were delivered at low-thoracic and cervical levels of the spinal cord using a constant current stimulator (Eldith, NeuroConn GmbH, Germany). In each experimental session, three 7-high × 5-wide cm rectangular sponge electrodes soaked in a 0.9% saline solution were positioned at the same locations. One anode electrode was positioned at cervical level with its lower extremity above the spinous process of C7, covering the entry zone of the cervical dorsal roots C6, C7 and C8. A second anode electrode was positioned at low-thoracic level with its upper extremity below the spinous process of T10, covering the entry zone of the five lumbar dorsal roots L1 to L5. One common cathode return electrode was positioned on the right shoulder (deltoid muscle). The skin sites where the electrodes were placed were prepared by cleaning with ether and alcohol.
Participants were instructed that, in each session, they would undergo concomitant electrical stimulation of the neck and lower back. They were also told that, for technical reasons, stimulation at one of the two sites would start slightly before stimulation of the other site. In the low-thoracic tsDCS condition, sham tsDCS was applied to the cervical location and real tsDCS was applied to the low-thoracic location, as follows. First, the current was ramped up from 0 to 2.5 mA in 20 s at the cervical location, maintained constant for only 15 s, and then ramped down in 20 s (sham stimulation). Immediately after, the current was ramped up from 0 to 2.5 mA in 20 s at the low-thoracic location, maintained constant for 20 minutes, and then ramped down in 20 s (real stimulation). In the cervical tsDCS session, sham tsDCS was applied to the low-thoracic location and real tsDCS was applied to the cervical location. Finally, in the sham tsDCS session, sham tsDCS was applied at both locations, and the order of the stimulation was counterbalanced across participants.
Both real and sham tsDCS elicited a moderate tingling and itching sensation under the electrodes that lasted about one minute after the onset of the stimulation. Because both the sensation elicited by real tsDCS and sham tsDCS faded rapidly, it was possible to blind participants and let them believe that in all three sessions, stimulation was delivered at both low-thoracic and cervical sites.
EEG data acquisition
The EEG was sampled at 1000 Hz and recorded using an average reference (32-channel ASA-LAB EEG system; Advanced Neuro Technologies, The Netherlands), with 32 activelyshielded Ag-AgCl electrodes mounted in an elastic electrode cap and arranged according to the International 10-20 system (Easycap 32, EASYCAP GmbH, Germany). During each block of stimulation, participants were instructed to keep their gaze fixed on a black cross displayed in front of them and to sit as still as possible. During all EEG recordings, white noise was played through earphones to prevent possible contamination of the EEG signals by responses triggered by the sound of the vibrotactile stimulator. Impedances were kept below 5 kΩ for all leads. The continuous EEG recordings were processed offline using Letswave6 (https://www.letswave.org).
EEG data analysis
The continuous EEG data were band pass filtered using a 0.3-40 Hz Butterworth zero phase band pass filter and then segmented into 3 s epochs ranging from -500 ms to +2500 ms relative to the stimulus onset. Artefacts related to eye movements and blinks were removed using the FastICA algorithm (Hyvarinen & Oja, 2000) . The signals were then baseline corrected by removing the mean of the signal of the reference interval ranging from-500 to 0 ms and re-referenced to M1M2 mastoid electrodes. Epochs containing signals exceeding ±75 µV were rejected. Separate average waveforms were then computed for each participant, condition and stimulus type.
Within the nociceptive ERP waveforms, the LEP-N2 and LEP-P2 waves were identified at electrode Cz referenced to the mastoids M1M2, and the LEP-N1 wave was identified at the contralateral temporal electrode (T7 or T8) referenced to the frontal electrode Fz. The LEP-N2 was defined as the most negative peak occurring 180-280 ms after hand stimulation and 270-480 ms after foot stimulation. The LEP-P2 was defined as the most positive peak following the LEP-N2. Finally, the LEP-N1 was defined as the most negative deflection peaking 140-250 ms after hand stimulation and 160-280 ms after foot stimulation (Bromm & Treede, 1984; Treede et al., 1988; Cruccu et al., 2008; Hu et al., 2010) .
Within the non-nociceptive ERP waveforms, the SEP-N2 and SEP-P2 waves were identified at electrode Cz vs. M1M2. The SEP-N2 was defined as the most negative deflection occurring 100-170 ms after hand stimulation and 180-400 ms after foot stimulation. The SEP-P2 was defined as the most positive peak following the SEP-N2 (Miltner et al., 1989; Garcia-Larrea et al., 1995; Kenntner-Mabiala et al., 2008) .
Statistical analyses
To assess whether the responses elicited by stimulation of the left and right limbs were affected differently after tsDCS, a four-way repeated measures ANOVA was performed with the factors 'side' (stimulation delivered on left vs. right body side), 'time' (before vs. after tsDCS), 'treatment' (low-thoracic, cervical and sham tsDCS) and 'limb' (responses to stimuli delivered to the lower vs. upper limb). No significant interaction with the factor 'side' was observed for any LEP component (LEP-N1, LEP-N2, LEP-P2), SEP component (SEP-N2, SEP-P2), or perceived intensity (all p >.261). Consequently, for further analyses, for each participant, condition and stimulation type, the behavioural and EEG responses elicited by stimulation of the left and right hand, as well as those elicited by stimulation of the left and right foot were averaged such as to obtain a single measure for the upper limb and a single measure for the lower limb. For each measure, a three-way repeated-measures ANOVA was then conducted with the factors 'time' (before vs. after tsDCS), 'treatment' (low-thoracic, cervical and sham tsDCS) and 'limb' (responses to stimuli delivered to the lower vs. upper limb). With this model, a significant two-way interaction between the factors 'time' and 'treatment' would indicate an effect of real tsDCS (low-thoracic and/or cervical tsDCS) regardless of whether the sensory stimuli are delivered to the lower or upper limbs, and a significant three-way interaction between the factors 'time', 'treatment' and 'limb' would indicate a differential effect of tsDCS on the responses to stimuli delivered to the lower or upper limbs. When necessary a Greenhouse-Geisser correction was performed. Post-hoc analyses of significant interactions were conducted using paired t-tests, Bonferronicorrected for multiple comparisons. Statistical analyses were conducted using SPSS 25 (SPSS Inc., Chicago, IL, USA). Significance threshold was set at p < .05.
Results
None of the participants were able to indicate if the tsDCS protocols were different between the three different sessions. The sensations elicited in all three conditions (real cervical tsDCS + sham low-thoracic tsDCS, real low-thoracic tsDCS + sham cervical tsDCS and sham cervical + sham low-thoracic tsDCS) were similar.
Effects of low-thoracic and cervical tsDCS on the perception of nociceptive stimuli
Before the tsDCS interventions, the average ratings of the percept elicited by nociceptive stimuli were 46±15/100 and 42±18/100 at the hands and feet, respectively. After the tsDCS intervention, the average ratings 43±18/100 and 40±20/100. On average, the nociceptive stimuli were not perceived as painful.
The repeated-measures ANOVA revealed a significant main effect of 'time' (before vs. after tsDCS; F 1,14 = 6.803; p = .021; η 2 = .327). There was no significant two-way 'time' × 'treatment' interaction (F 2,28 = 1.25; p = .291; η 2 = .082) and no significant 'time' × 'treatment' × 'limb' interaction (F 2,28 = 1.504; p = .240; η 2 = .097), indicating that the perception of nociceptive laser stimuli delivered to the hands and feet was not affected by either low-thoracic or cervical tsDCS as compared to sham tsDCS ( Fig. 3.2A ).
Effects of low-thoracic and cervical tsDCS on the perception of non-nociceptive stimuli
The average ratings of the percept elicited by non-nociceptive vibrotactile stimuli delivered to the hands and feet were 20±8/100 and 14±7/100 before the tsDCS interventions and 19±8/100 and 12±6/100 after the tsDCS interventions.
The repeated-measures ANOVA revealed a significant main effect of 'time' (F 1,14 = 5.401; p = .036; η 2 = .278), but no significant 'time' × 'treatment' interaction (F 2,28 = .701; p = .46; η 2 = .048) and no significant 'time' × 'treatment' × 'limb' interaction (F 2,28 = 0.304; p = .
666; η 2 = .021), indicating that such as for the perception of nociceptive stimuli, the perception of non-nociceptive vibrotactile stimuli delivered to the hands and feet was not affected by low-thoracic or cervical tsDCS as compared to sham tsDCS ( Fig. 3.2B ).
Effects of low-thoracic and cervical tsDCS on nociceptive ERPs
In each participant and experimental session, laser stimulation of the hands (Fig. 3 .3B) and feet ( Fig. 3.4B ) dorsum elicited a large biphasic wave maximal at the scalp vertex (electrode Cz vs. M1M2). These laser-evoked potentials (LEPs) consisted of a negative wave (LEP-N2) followed by a positive wave (LEP-P2).
The magnitude of the LEP-N2 elicited by stimulation of the feet was significantly affected after thoracic tsDCS as compared to cervical and sham tsDCS. The repeated-measures ANOVA showed a significant main effect of 'time'(F 1,14 = 15.910; p = .001; η 2 = .532), a significant main effect of 'limb' (F 1,14 = 19.771; p = .001; η 2 = .585), but also a significant main effect of 'treatment' (F 1,14 = 7.075; p = .003; η 2 = .335) and, most importantly, a significant three-way 'time' × 'treatment' x 'limb' interaction (F 2,28 = 7.938; p = .002; η 2 = .362). Post-hoc pairwise comparisons showed that the magnitude of the LEP-N2 wave elicited by laser stimulation of the feet was significantly reduced after low-thoracic tsDCS as compared to cervical tsDCS (t 14 = 2.80; p = .041) and as compared to sham tsDCS (t 14 = 3.15; p = .021; Fig. 3 .5B). The magnitude of the LEP-P2 was not significantly affected by tsDCS. The repeated-measures ANOVA showed a significant main effect of 'time' (F 1,14 = 4.737; p = .047; η 2 = .253) and a significant main effect of 'limb' (F 1,14 = 8.354; p = .012; η 2 = .374), but no effect or interaction with the factor 'treatment'. The magnitude of the LEP-P2 was similarly reduced after real and sham tsDCS, indicating an unspecific response habituation (Fig 3.5C ). On average, its magnitude was greater when stimulating the hands as compared to the feet. Both following stimulation of the hand and following stimulation of the foot, an earlier negative wave (LEP-N1; Figs. 3.3A and 3.4A), clearly distinguishable from the LEP-N2 (Figs. 3.3B and 3.4B), was observed at temporal electrodes (T7/T8) referenced to the frontal electrode Fz. Following stimulation of the hand, the LEP-N1 was maximal over the hemisphere contralateral to the stimulated hand. Following stimulation of the foot, it was symmetrically distributed over the two hemispheres.
There was no significant effect of tsDCS on the magnitude of the LEP-N1 (Fig 3.5A) . The repeated-measures ANOVA showed a significant main effect of 'limb' (F 1,14 = 11.669; p = . 004; η 2 = .455; greater responses when stimulating the hands as compared to the feet), but no main effect of 'time', and no effect or interaction with the factor 'treatment'.
The repeated-measures ANOVA conducted on the latencies of the LEP-N2, LEP-P2 and LEP-N1 waves only showed a significant main effect of 'limb' (LEP-N2: F 1,14 = 140.341; p < .0001; η 2 = .909; LEP-P2: F 1,14 = 33.142; p <.0001; η 2 = .703; LEP-N1: F 1,14 = 322.430; p < .0001; η 2 = .958) due to the fact that the responses elicited by stimulation of the lower limb had a later latency (Fig. 3.4 ) than the responses elicited by stimulation of the upper limb ( Fig. 3.3 ).
Effects of low-thoracic and cervical tsDCS on non-nociceptive ERPs
In each participant and experimental session, vibrotactile stimulation of the hands (Fig.  3 .6A) and feet ( Fig. 3 .6B) elicited a large biphasic wave maximal at the scalp vertex (Cz vs. M1M2). These somatosensory-evoked potentials (SEPs) consisted of a negative wave (SEP-N2) followed by a positive wave (SEP-P2). Neither the magnitude of the SEP-N2 (Fig.  3.7A ) nor the magnitude of the SEP-P2 were significantly affected by tsDCS (Fig. 3.7B ). The repeated-measures ANOVA only showed a significant main effect of 'time' (SEP-N2: F 1,14 = 15.236; p = .002; η 2 = .521; SEP-P2: F 1,14 = 16.459; p = .001; η 2 = .540) compatible with response habituation, and a significant main effect of 'limb' (SEP-N2: F 1,14 = 10.0; p = .007; η 2 = .417; SEP-P2: F 1,14 = 47.001; p < .0001; η 2 = .770) due to the fact that the responses elicited by stimulation of the hands (Fig. 3.6A) were, on average, greater than the responses elicited by stimulation of the feet (Fig. 3.6B ). There was no effect or interaction with the factor 'treatment'.
The repeated-measures ANOVA conducted on the latencies of the SEP-N2 and SEP-P2 waves also showed no significant effect of tsDCS. There was only a main effect of 'limb' on the latency of the SEP-N2 (F 1,14 = 126.293; p < .0001; η 2 = .900; later responses when stimulating the foot) and a main effect of 'time' on the latency of the SEP-P2 (F 1,14 = 6.584; p = .022; η 2 = .320). 
Discussion
The present work is the first controlled double-blind study comparing, within subjects, the after-effects of low-thoracic and cervical anodal tsDCS on the behavioural and EEG responses to nociceptive and non-nociceptive somatosensory stimulation of the upper and lower limbs. The results show that low-thoracic tsDCS significantly affects the LEP-N2 wave elicited by nociceptive laser stimulation of the lower limbs, without affecting the LEP-N2 wave elicited by nociceptive stimulation of the upper limbs, and without affecting the SEP-N2 wave elicited by non-nociceptive vibrotactile stimulation of either limbs. This selective and segmental effect of tsDCS on the responses to nociceptive stimulation indicates that the neuromodulatory after-effects of low-thoracic tsDCS are not due to an anodal blockade of axonal conduction within the spinal cord. Instead, it suggests that the aftereffects of low-thoracic tsDCS are related to a synaptic modulation of the local processing and/or transmission of nociceptive input at the level of the dorsal horn.
Selective effect of low-thoracic tsDCS on the responses to nociceptive stimulation of the lower limbs
The finding that low-thoracic anodal tsDCS induces a significant decrease of the magnitude of the LEP-N2 wave elicited by nociceptive stimulation of the foot as compared to cervical and sham tsDCS is in line with the results of Truini et al. (2011) . In contrast, the finding that low-thoracic anodal tsDCS does not modulate the responses to non-nociceptive vibrotactile stimulation is in disagreement with the study of Cogiamanian et al. (2008) reporting an effect on an early-latency subcortical component of somatosensory-evoked potentials elicited by transcutaneous electrical stimulation of the left and right posterior tibial nerves. However, the statistical comparison of the effects of anodal vs. cathodal vs. sham tsDCS on the responses elicited by tibial nerve stimulation was based on results obtained in only five participants. Furthermore, the authors did not observe any effect of tsDCS on later cortical components of the elicited responses.
In the present study, lower-limb nociceptive laser stimuli were applied to the foot dorsum, which is primarily innervated by the superficial fibular nerve, and lower-limb nonnociceptive vibrotactile stimuli were applied to the hallux which is primarily innervated by the medial plantar nerve. These sensory afferents are conveyed to the spinal cord through the dorsal roots L4, L5 and S1 Canbay et al., 2014) . The anode electrode delivering low-thoracic tsDCS (7 cm length) was positioned just below the spinous process of T10, overlying T11-T12 vertebrae, considered to correspond to the entry zone of the lumbar dorsal roots L2-L5 (Goshgarian, 2010) . Therefore, the anode electrode was located close to the spinal cord levels where nociceptive primary afferent fibres originating from the foot dorsum synapse with spinothalamic neurons in the dorsal horn (D'Mello & Dickenson, 2008) . In contrast, tactile inputs originating from the hallux ascend directly the dorsal column-medial lemniscus pathway and synapse at the level of the medulla oblongata in the gracile nucleus. Therefore, the selective effect of low-thoracic tsDCS on the responses to nociceptive inputs originating from the foot dorsum can be explained by a segmentalspecific effect of low-thoracic tsDCS on the synaptic efficacy of spinal neurons involved in the local processing and/or transmission of nociceptive inputs within the dorsal horn. It Lenoir et al. Page 9 Neuroscience. Author manuscript; available in PMC 2019 February 06.
Europe PMC Funders Author Manuscripts should be stressed that the reduction of the output of the spinal cord leading to the observed decrease of the brain response to nociceptive inputs could be related to the synaptic modulation of different spinal interneurons involved in the spinal processing of nociceptive inputs. Indeed, although our results support that tsDCS affects the synaptic efficacy of nociceptive transmission within the spinal dorsal horn, it remains unknown whether this after-effect of low-thoracic tsDCS is related to a direct modulation of the first synaptic relay of the ascending nociceptive input, or whether it results from an indirect effect on other neurons modulating spinal transmission neurons and/or peripheral axon terminals, including the descending systems.
The differential effect of low-thoracic anodal tsDCS on the transmission of nociceptive vs. non-nociceptive inputs originating from the lower limbs contradicts the hypothesis that the after-effects of tsDCS result from an axonal blockade. Indeed, such a mechanism would be expected to affect conduction both within ascending fibers of the spinothalamic tracts and ascending fibers of the dorsal columns, resulting in a similar effect on the responses to nociceptive and non-nociceptive stimuli. Taking into account the high variability in the location of lumbar spinal cord segments relative to the low thoracic spinous processes, the low-thoracic anode electrode could, in some participants, have been located higher than the dorsal root entry zones of the lumbar dorsal roots L4 and L5. If this were the case, a conduction blockade would still be expected to affect the transmission of ascending inputs originating from lower segments. Furthermore, simulation studies have suggested that the threshold to induce an anodal conduction blockade decreases with increasing axonal diameter, and increases as a function of the distance separating the electrode from the axon (Tai et al., 2009) . Considering that the dorsal columns are more posterior than the spinothalamic tracts, the electrode distance to the dorsal column should be slightly shorter than the electrode distance to the spinothalamic tract. Furthermore, the ascending fibers of the spinothalamic tract which convey the LEP-N2 response to the nociceptive laser stimulus are small-diameter sparsely-myelinated Aδ-fibers, whereas the ascending fibers of the dorsal column which convey the SEP-N2 response to the non-nociceptive vibrotactile stimulus are predominantly large-diameter thickly-myelinated Aβ-fibers. Hence, one would expect that the threshold to elicit anodal blockade through low-thoracic tsDCS would be lower for the dorsal column pathway as compared to the spinothalamic tract.
Studies have reported that low-thoracic tsDCS increases the threshold of the lower-limb nociceptive withdrawal reflex (RIII) (Cogiamanian et al., 2011; Perrotta et al., 2016 ). This could be explained both by an inhibitory effect on synaptic transmission in the spinal cord (Cogiamanian et al., 2011; Perrotta et al., 2016) , or an inhibitory effect on axonal conduction within the reflex circuit (Cogiamanian et al., 2011) . Studies on the non-nociceptive H-reflex showed opposite results, where tsDCS tended to increase H-reflex excitability (Winkler et al., 2010; Lamy et al., 2012) . This discrepancy does not rule out the possibility that tsDCS induces local changes in synaptic efficacy. Indeed, the opposite effects of tsDCS on the RIII and H-reflex might be due to the different orientation of the spinal neurons involved in these different reflexes and their modulation, resulting in net effects that can be either excitatory or inhibitory (Winkler et al., 2010; Lamy et al., 2012; Rahman et al., 2013) .
It must also be stressed that the after-effects of tsDCS have been reported to last 15 to 60 minutes (Cogiamanian et al., 2008; Winkler et al., 2010; Cogiamanian et al., 2011; Lamy et al., 2012; Meyer-Friessem et al., 2015; Perrotta et al., 2016) . In the present study, the measurements after tsDCS took approximately 30 minutes to be completed. Because no change was observed in the effect of tsDCS at the beginning vs. the end of the measurement session after tsDCS, we may assume that the after-effects of tsDCS remained relatively stable during the entire test period. The duration of these after-effects are similar to the duration of the after-effects of transcranial direct current stimulation, and are compatible with changes in synaptic efficacy resulting from the induction of long term potentiation-or depression-like mechanisms (Nitsche et al., 2008; Stagg & Nitsche, 2011) . Such durations strongly contradict the notion that the after-effects of tsDCS are due to anodal blockade of axonal conduction. Indeed, when anodal stimulation succeeds in producing an axonal conduction blockade, conduction is restored almost immediately after the stimulation is interrupted (Bhadra & Kilgore, 2004) .
Finally, considering the intensity of the current passed through the anodal electrode, and the distance between the cutaneous electrode and the spinal cord, it seems unlikely that lowthoracic anodal tsDCS is able to induce an anodal block. Indeed, in nerve conduction studies, Dreyer et al. (1993) failed to induce an anodal block with surface electrodes on the skin targeting the median or superficial radial nerve with intensities above 5 mA. Frahm et al. (2016) showed in a modelling study that no anodal block occurred during peripheral nerve stimulation for pain relief using an implanted subcutaneous electrode, even at high intensities of stimulation. In humans, indirect evidence of the occurrence of a nerve conduction block on sacral nerve roots have been reported during invasive electrical stimulation applied at intensities exceeding 2 mA (Rijkhoff et al., 1997) . In the present setup the actual distance between the electrodes located on the skin and the axons of the spinal cord is approximately 4 to 7 cm (Brinkley & Masters, 1967) , and the current density at the level of the spinal cord is thought to be considerably reduced due the impedance of the underlying tissues (Parazzini et al., 2014; Fernandes et al., 2016; Miranda et al., 2016) .
Lack of effect of low-thoracic tsDCS on the early LEP-N1 wave elicited by nociceptive stimulation of the lower limbs
Low-thoracic tsDCS induced a significant reduction of the LEP-N2 wave elicited by nociceptive stimulation of the lower limbs, but had no significant effect on the magnitude of the earlier LEP-N1 wave. This lack of effect could be due to the relatively low signal-tonoise ratio of the LEP-N1 elicited by stimulation of the foot, and is in contradiction with the results of Truini et al. (2011) who reported a significant decrease of both components after low-thoracic tsDCS. The cortical generators of the early-latency LEP-N1 remains a matter of debate. Source analysis studies have suggested a contribution of the contralateral primary somatosensory cortex (S1) and bilateral secondary somatosensory cortices (S2) (Tarkka & Treede, 1993; Xu et al., 1995; Spiegel et al., 1996; Valeriani et al., 1996; Valeriani et al., 2000; Garcia-Larrea et al., 2003; Valentini et al., 2012) . Considering that in S1, the representation of the foot is more medial as compared to the hand, the contribution of S1 activity to the LEP-N1 might be strongly dependent on the location of the nociceptive stimulus. This could explain why, in the present study, although a LEP-N1 was clearly identified when stimulating the foot dorsum, its signal-to-noise ratio was lower as compare to the LEP-N1 elicited by stimulation of the hand. This could also explain why the scalp topography of LEP-N1 elicited by stimulation of the hand was clearly lateralized over the contralateral hemisphere, whereas the scalp topography of the LEP-N1 elicited by stimulation of the foot was symmetrically distributed over the two hemispheres.
Lack of effect of low-thoracic tsDCS on pain perception
Low-thoracic tsDCS appeared to have no immediate effect on the intensity of the percept elicited by transient nociceptive laser stimuli delivered to the lower limb. This observation is in line with previous studies (Cogiamanian et al., 2011; Truini et al., 2011; Meyer-Friessem et al., 2015; Perrotta et al., 2016; Schweizer et al., 2017) . Dissociations between perception and brain activity elicited by nociceptive stimuli have been frequently observed (GarciaLarrea et al., 1997; Iannetti et al., 2008; Mouraux & Iannetti, 2009; Legrain et al., 2012b) suggesting that the neuronal processes responsible for perception could be different than those responsible for the stimulus-evoked brain activity sampled with EEG. One can wonder whether the delay at which the effect of tsDCS was assessed played a role. Indeed, the only three studies that have reported a reduction of pain perception after low-thoracic tsDCS found that the effect took at least 30 minutes to build up (Meyer-Friessem et al., 2015; Perrotta et al., 2016) . Meyer-Friessem et al. (2015) observed that the pain perception triggered by high intensity mechanical pinprick stimulation of the thigh was significantly decreased from 30 to 60 minutes after low-thoracic tsDCS. A similar delay was reported by Perrotta et al. (2016) . It should be also considered that assessing the changes in intensity of perception elicited by stimuli delivered at a constant intensity does not fully assess the possible changes in the perceptual experience. Future studies should also examine whether tsDCS affects spatial or intensity discrimination abilities, or the quality of the elicited sensations to investigate more extensively the potential effects of tsDCS on perception.
Lack of effect of cervical tsDCS on the responses to nociceptive and non-nociceptive stimulation of the lower and upper limbs
One could object that the lack of effect of cervical tsDCS on the responses to nociceptive stimulation of the upper limb goes against the hypothesis that the after-effects of tsDCS are due to a segmental effect on the synaptic transmission of nociceptive inputs in the dorsal horn.
Despite interindividual anatomical and topographical differences of the spinal cord and spinal segments responsible for cutaneous innervation, it is very unlikely that the lack of effect of cervical tsDCS was due to the electrode not being placed over the spinal cord levels receiving input from the hand dorsum. Indeed, because of its large size, the cervical electrode covered at least spinal cord levels C6, C7 and C8. Therefore, even if interindividual differences exist in the relative contribution of C6, C7 and C8 dorsal roots to hand dorsum innervation , it is unlikely that this could explain why cervical tsDCS did not modulate the responses elicited by nociceptive stimulation of the hand dorsum.
It seems more likely that the differential effects of cervical and low-thoracic tsDCS was due to the fact that the distance between the skin and the spinal cord varies along the spinal segments and, on average, is greater at cervical level than at low-thoracic level (Brinkley & Masters, 1967; Hirabayashi et al., 1988) . Studies have suggested that the magnitude of the current density reaching the spinal cord could be more than 30 times weaker than the current density within spinal muscles (Parazzini et al., 2014) . Another explanation could be related to the fact that the location of the return electrode influences the distribution of the electric field generated by tsDCS. In a recent modelling study, Fernandes et al. (2016) reported that cervical tsDCS with active and return electrodes respectively located over C7 and at the shoulder generates an electric field four time smaller than cervical tsDCS targeting C3 with a return electrode located over T3. Further studies are needed to determine whether significant after-effects of cervical tsDCS can be observed using optimized electrode configurations and/or greater intensities of stimulation.
Conclusion
In conclusion, we demonstrate that low-thoracic tsDCS exerts a selective effect on the brain responses to nociceptive stimulation of the lower limbs, without concomitantly affecting the responses to non-nociceptive stimulation of the lower limbs, and without affecting the responses to nociceptive and non-nociceptive stimulation of the upper limbs. These findings provide evidence that the after-effects of tsDCS are due to a (direct or indirect) local modulation of synaptic efficacy at the level of the dorsal horn.
Given the ambiguous effects of tsDCS on pain perception, future studies are needed to evaluate the clinical relevance of these effects. For example, further research could be conducted to assess the after-effects of tsDCS on sustained pain and/or examine the longlasting changes that might be induced by repeated sessions of tsDCS. Furthermore, future work could examine whether stronger effects might be observed using electrode configurations optimized to maximize current density at the level of the spinal cord. Experimental design. Intensity of perception and ERPs elicited by non-nociceptive and nociceptive stimulation of the hands and feet were recorded before and immediately after anodal cervical tsDCS and sham low-thoracic tsDCS, anodal low-thoracic tsDCS and sham cervical tsDCS, and sham cervical and low-thoracic tsDCS, in three separate experimental sessions. The cervical anode electrode was located above the spinous process of C7. The low-thoracic anode electrode was located below the spinous process of T10. The reference cathode electrode was located on the right shoulder (deltoid muscle). Nociceptive stimuli consisted of short lasting laser pulses delivered on the hand and feet dorsum. Nonnociceptive stimuli were short lasting mechanical vibration delivered on the palmar side of the third fingertip and hallux. Effects of tsDCS on perceived intensity elicited by somatosensory stimuli. Differences in the intensity of the percept (numerical rating scale [NRS] after minus before tsDCS) elicited by nociceptive laser stimulation (panel A) and non-nociceptive vibrotactile stimulation (panel B) of the hand and foot are for cervical tsDCS, low-thoracic tsDCS and sham tsDCS. Subject-level differences (after minus before tsDCS) are represented by the connected lines and black dots. Box plots represent the group-level average ± SD. Grand-average waveforms of the ERPs elicited by nociceptive laser stimulation delivered on the feet. ERPs waveforms obtained after stimulation of the feet are shown before (blue) and after (red) applying cervical, low-thoracic and sham tsDCS. The early latency LEP-N1 component is shown at the contralateral temporal electrode (Tc) vs. Fz (panel A). The LEP-N2 and LEP-P2 components are shown at Cz vs. M1M2 (panel B). The scalp topographies of the different LEP components are shown in the blue (before tsDCS) and red (after tsDCS) frames. Box plots represent the group-level average ± SD of the difference (Δ after -before tsDCS) in magnitude of the three LEP components. Grand-average waveforms of the ERPs elicited by non-nociceptive vibrotactile stimulation. ERPs waveforms obtained after stimulation of the hands (panel A) and feet (panel B) are shown before (blue) and after (red) applying cervical, low-thoracic and sham tsDCS. The SEP-N2 and SEP-P2 components are shown at Cz vs. M1M2 with their respective scalp topographies before (blue frame) and after (red frame) tsDCS. Box plots represent the group-level average ± SD of the difference (Δ after -before tsDCS) in magnitude of the two SEP components. Effect of cervical tsDCS, low-thoracic tsDCS and sham tsDCS on the magnitude of SEP-N2 (panel A) and SEP-P2 (panel B) components of non-nociceptive ERPs elicited by nonnociceptive stimulation of the hands and feet. Subject-level differences (Δ after -before tsDCS) are represented by connecting lines and dots. Box plots represent the group-level average ± SD. 
